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The sintering behavior of close-packed spheres is investigated using a numerical model. The investigated systems are the body-
centered cubic (bcc), face-centered cubic (fcc) and hexagonal close-packed spheres (hcp). The sintering behavior is found to be ideal,
with no grain growth until full density is reached for all systems. During sintering, the grains change shape from spherical to tet-
rakaidecahedron, similar to the geometry analyzed by Coble [R.L. Coble, J. Appl. Phys. 32 (1961) 787].
 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The sintering behavior and microstructural evo-
lution of a powder compact is influenced strongly by ini-
tial properties, such as the relative density, the particle
and pore size distribution, and the powder packing.
While the influence of the former parameters on the
microstructural evolution has been investigated in some
detail, the impact of the initial packing of the powder
has been mostly overlooked. However, research has
shown that the sintering behavior of a powder can be
significantly improved if the powder is regularly packed.
This has been shown for monodisperse spherical TiO2
particles [1], which sintered 10 times faster and exhibited
almost no grain growth compared to ordinary TiO2.
Similar observations has been made for homogeneously
packed Al2O3 [2], SiO2 [3], as well as a number of other
materials [4]. Monodispersed spherical TiO2 particles
have been shown to order in face-centered cubic (fcc)
arrays, while the SiO2 powder forms stacked planes of
hexagonal close-packed (hcp) particles. Close packing
of monodispersed silica has also been observed [5]. Sin-
tering of two-dimensional close packing cylinders has
also been demonstrated experimentally [6–8] and numer-
ically modeled [9,10], and the sintering of particle clus-
ters in three dimensions has also been studied [11].
Here we present a detailed analysis of the microstruc-
tural evolution of three close-packed compacts of spher-
ical monosized particles. These are the body-centered
cubic (bcc), fcc and hcp structures. The packing struc-
tures are characterized by their relative density, q, and
the coordination number, Cn, of the grains and pores.
The bcc packing initially has q ¼ 69:02%, and a grain
coordination number of eight. The porosity is percolat-
ing, but the repeating pore units have a coordination
number of six, making the pore unit shape octahedral.
The hcp and fcc packings represent the densest packing
of spheres possible, both with q ¼ 74:05%. They also
both have a grain coordination number of 12, and have
the same type of pore structure. This consists of two dif-
ferent kinds of repeating pore units, which have a coordi-
nation number of either four or six, with the number ratio
of 2:1 and the volume ratio between a single four- and six-
coordinated pore being 1:6.4 [12]. These pore units are
tetrahedral and octahedral in shape, respectively.
The sintering behavior of these compacts are ana-
lyzed using a three-dimensional kinetic Monte Carlo
sintering model [13,14]. In this model, grains and pores
are defined on a three-dimensional voxel grid and sinter-
ing is modeled by minimizing the neighbor interaction
energy, E, defined such that only unlike neighbors con-
tribute to the system energy. The numerical model used
simulates grain growth, pore migration, vacancy forma-
tion and diffusion processes, and has previously been
used to model the sintering of copper spheres as ob-
served using X-ray tomography [13]. The model has also
replicated experimentally observed sintering trends for
samples with different initial particle size distributions
[15]. The units in the model are arbitrary and, similarly
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to Bjørk et al. [15], the simulation temperatures for grain
growth and pore migration in the model are chosen to
be kBT ¼ 1, while for vacancy formation kBT ¼ 15.
The attempt frequencies were chosen in the ratio 1:1:5
for grain growth, pore migration and vacancy forma-
tion, respectively. These values were chosen so that the
modeled samples displayed realistic sintering behavior.
Each of the simulated microstructures consisted of
6 6 6 particles, which is sufficient to make the center
of the sample homogeneous, as the microstructure is
completely uniform. The microstructural evolutions of
the samples during sintering were computed during iso-
thermal sintering, and the microstructures were analyzed
at 251 equal intervals in time. The microstructural evolu-
tion was only analyzed in the central part of the sample,
thus edge effects due to the finite size of the compact can
be ignored.
All compacts sintered to full density without grain
growth and the sintering behavior of the bcc, fcc and
hcp samples are thus ideal. A compact of random
close-packed (rcp) monosized spheres has been shown
to sinter to a density of 93%, at the same temperature,
before grain growth occurs [15]. This is similar to exper-
imentally observed values [16]. Controlling the grain
growth during sintering is of the utmost importance as
most properties of ceramics are enhanced by a smaller
grain size [17]. The only difference between the random
close-packed sample of monosized spheres and the sys-
tems studied here is the packing. Therefore the ability
to sinter without grain growth is caused by regular pack-
ing of the powder.
The standard deviation of the grain size, r, normal-
ized by the average grain size is shown in Figure 1. Here
it can clearly be seen that the grain size distributions re-
main extremely narrow, further showing the ideal sinter-
ing behavior of these systems. That the uniformity of the
grain size distribution is not caused by the initially uni-
form particle size can be seen by comparing the evolu-
tion of the systems studied here to the grain growth of
rcp monosized spheres. At a density of 0.9, the rcp sys-
tem has a normalized standard deviation which is a fac-
tor of 10 higher than the bcc, fcc and hcp systems. At a
density of 0.95, the factor has risen to 20.
The evolution of the microstructure towards full den-
sity can be examined by considering the change in coor-
dination number of the grains and closed pores during
sintering, as this provides information on the grain and
pore shape. Figure 2 shows the average coordination
number of grain and closed pores as a function of
density.
For the bcc packing, all grains initially have a coordi-
nation number of eight, as expected. As sintering pro-
gresses, the microstructure evolves to an intermediate
state, where grains with several different coordination
numbers exist. At q ¼ 0:9, almost all grains have
evolved to have a coordination number of 14. This is be-
cause the porosity gaps between the central sphere in the
bcc packing and those directly adjacent in the horizontal
and vertical directions have been closed. The central
grain retains contact with the eight diagonal neighbors
and comes into contact with the six facing neighbors
in the horizontal and vertical directions, thus increasing
the coordination number to 14. The pores in the bcc sys-
tem were expected to have a coordination number of six,
yet this is not the case. The reason for this is that, when
the porosity closes at high relative density, the grains
along the horizontal and vertical directions have sin-
tered together, reducing the original pore with a coordi-
nation number of six into a smaller pore with a
coordination number of four.
The grains in the fcc packing are seen to initially have
an average coordination number of eight, but all grains
very quickly evolve to have a coordination number of
12. The reason for the initially lower coordination num-
ber is the packing on a finite voxel grid. As sintering pro-
gresses, the coordination number increases to 14, by
closing the porosity in both the top and bottom layers
compared to the central sphere. The closed pores have
a coordination number of six. Initially, many closed
pores with a coordination number of four are present,
but their aggregate volume is not significant. This is ex-
pected, as the volume of a Cn ¼ 4 pore is initially only
15.6% of that of a Cn ¼ 6 pore in the fcc microstructure.
For the hcp packing, all grains initially have a coor-
dination number of 10, which is again caused by the fi-
nite voxel resolution. However, all grains very quickly
evolve to a coordination number of 12. The same pores
as those in fcc packing are then closed, which increases
the coordination number to 14. Unlike fcc, the hcp
packing transformation of grains from a coordination
number of 12 to one of 14 occurs over a very small
change in relative density. For the hcp sample, pores
Figure 1. The normalized standard deviation, r=G, of the grain size for
the different packings. The data for the uniform rcp spheres are taken
from Bjørk et al. [15].
Figure 2. The average coordination number of grains and closed pores
as a function of relative density for the different packings.
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with a coordination number of six dominate. As with
the fcc sample, closed pores with a coordination number
of four are present initially, but have a low volume and
quickly disappear.
In the final stage of sintering, all pores are closed. A
linear decrease in closed pore volume at high relative
density is observed for all samples. This is also observed
experimentally for a uniform packed powder, albeit over
a larger interval in relative density [18].
As mentioned, the grains evolve to a coordination
number of 14, corresponding to a tetrakaidecahedral
shape. The exact shape has been verified to be a trun-
cated octahedron, also referred to as Kelvin’s tetrakai-
decahedron. The shape of the grains and porosity for
the bcc packing are illustrated in Figure 3. The grains
are initially spherical, but quickly develop regular faces
and the tetrakaidecahedral shape. The final grain struc-
ture is similar for the fcc and hcp systems.
The sintering of a system consisting of tetrakaideca-
hedral particles has been described analytically by Coble
[19,20], whose model has been used to describe the sin-
tering behavior of a substantial number of systems.
However, to the authors’ knowledge, no system has
been shown to sinter to the exact morphology assumed
by the Coble model.
The sintering behavior of the systems considered here
cannot be directly compared to the analytical model de-
rived by Coble, as the porosity is not uniformly distrib-
uted along all grain edges, nor is the grain shape during
sintering completely tetrakaidecahedral before the late
sintering stage is reached. More importantly, the pore
unit shape for the bcc is octahedral, while for the hcp
and fcc packings the pores are tetrahedral and octahedral
respectively, which is different from the assumed cylindri-
cal and spherical pore geometry assumed by Coble.
The densification behavior was also simulated for sim-
ulation temperatures of 1:1:13 and attempt frequencies
of 1:1:1 for the grain growth, pore migration and va-
cancy formation temperatures, respectively. These values
have previously been used to model the sintering of cop-
per spheres [13]. For a random packing powder the den-
sity at which grain growth occurred decreased to
q ¼ 0:83 for this temperature set. No change in the sin-
tering behavior or the microstructural evolution was seen
for the bcc, fcc and hcp samples, except that the time re-
quired to reach, for example, a relative density of 0:995
was 2.0, 2.1 and 1.3 times longer for the bcc, fcc and
hcp samples, respectively. This invariance to temperature
was also observed experimentally by Barringer and Bo-
wen [21] for the monosized uniformly packed TiO2.
In conclusion, the sintering behavior of close-packed
spheres was investigated for bcc, fcc and hcp spheres. All
systems showed no grain growth until full density was
reached. This is a very significant ability, caused by
the regular packing of the powder. All grains evolved
to a tetrakaidecahedral shape with a coordination num-
ber of 14 at full density, similar to the geometry consid-
ered by Coble. The dominant closed-pore type in the bcc
system was the pore with a coordination number of
four, not six as expected, while for the fcc and hcp pac-
kings the dominating closed pore type had a coordina-
tion number of six. These systems thus show the great
importance of the packing of the initial powder com-
pact, and demonstrate the potential improvement in sin-
tering behavior gained by regular packing of the
powder. These systems are also ideal candidates for
standard modeling systems in sintering.
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